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Abstract 
In this paper, we present in-vitro soak testing results used to measure the long term encapsulation and insulation properties of 
parylene-C based on interdigitated electrodes (IDEs) (Fig. 1). The parylene-C layer has been deposited by chemical vapor 
deposition using the Gorman process [1]. Our primary investigations showed that parylene-C is a great encapsulation material 
based on its extremely low leakage current (20 pA for quartz substrate) and high insulation impedance (2 Mȍ at 1 kHz for quartz 
substrate) after 180-day of soaking test. Substrate materials with high resistivity were recommended in order to actually measure 
the insulation performance of encapsulation materials rather than that of the substrates. 
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1. Introduction 
Those days significant interests and efforts have been devoted into developing biomedical implants, e.g., in 
neuroprosthetics that can provide an interactive electrical interface to the human nervous system and allow treatment 
of patients [2-4]. One example of such system is the 100-electrode integrated neural interface (INI) based on Utah 
Slant Electrode Array (USEA), developed to record and stimulate signals from peripheral nerves [5,6]. The INI must 
be able to function in vivo for years or even decades eventually for chronic implantation. The failure of those neural 
implants can be both physiological reasons from surgery as well as failure of encapsulation, leading to malfunction of 
the device. Hermetic encapsulation of implantable devices with complex 3D geometries like USEA is one of the most 
challenging aspects for chronic implant. Long term hermiticity of USEA is critical for its use in chronic implantation. 
Parylene-C has been widely used as encapsulation material for implantable devices for its low water absorption, 
biocompatibility (USP class VI), pin-hole free deposition process, etc. It’s an excellent ion barrier as well, which is 
critical for implantable devices.    
2. Experiment
A customized soak testing system was developed with the capability of testing 100 samples, which allows us to 
simultaneously measure leakage current and electrochemical impedance at constant temperature, including 37 °C used 
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for these experiments.  Interdigitated electrodes (Fig. 1) were fabricated to test the electrical properties of the 
encapsulation, and were 130 μm in width for each electrode and spacing between. The electrodes are composed of 
Ti(100 nm)/Pt(150 nm)/Au(150 nm) sequentially. The parylene-C layer has been deposited by chemical vapor 
deposition using the Gorman process, which deposits conformal and pin-hole free films. The IDE substrates included 
Si/Si3N4, Si/SiO2/Si3N4, and quartz, to compare the effects of substrate impedance (leakage) on the measured electrical 
performance of the parylene-C layer.   
 
Fig. 1.  Fabricated interdigitated electrodes. The electrodes were 130 μm in width and spacing between. 
 
Electrochemical impedance and leakage current were used as metrics to quantitatively measure the performance of 
parylene-C for three different types of samples. A customized soaking bath was built for multi-sample and long-term 
soaking test at body temperature (37 ºC) and higher temperature for accelerated life-time test. 
3. Results and Discussion 
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Fig. 2. Nyquist plot of impedance as a function of frequency for parylene-C on Si/Si3N4 substrate.  Impedance decreased and phase increased as a 
function of soaking time, indicating of water absorption.  
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Fig. 3. Nyquist plot of impedance as a function of frequency for parylene-C on Si/SiO2/Si3N4 substrate Impedance decreased and phase increased as 
a function of soaking time. However, the changing magnitudes for both the impedance and phase are smaller compared with Si/Si3N4 substrate, due 
to the extra SiO2 layer. 
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     Electrochemical impedance of samples for three different substrate materials was measured from 1 to 106 Hz in 1× 
PBS at 37 °C for 180 days soaking test (Fig. 2-4) by using Gamry Reference 600 (Gamry instruments, Pennsylvania, 
USA). The working and working sense electrodes were connected together to one electrode of the IDEs and the 
counter and reference electrodes were connected together to the other electrode of the IDEs. 
The initial phase is close to -90° before soaking, and the slope of the impedance is -1 under Nyquist plot, which 
indicate that it is almost purely capacitive for all three different substrates. Impedance decreased and phase increased 
dramatically after one hour of soaking at low frequency (< 100 Hz). This is most likely due to water absorption [7]. 
The water penetration can lead to delamination of parylene-C film. Water also has much higher relative permittivity 
than parylene-C. Both of those result in higher capacitance, leading to the drop of impedance and increase of phase. 
After one day of soaking test, the phase and impedance remained relatively constant and stayed at a high value, due to 
the saturation of the water penetration. During the 180-day of soaking, the phase increased slowly and the impedance 
decreased slowly for the Si/Si3N4, Si/SiO2/Si3N4 samples while the phase and impedance of quartz substrate were 
almost constant.  
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Fig. 4. Nyquist plot of impedance as a function of frequency for parylene-C on quartz substrate. Impedance remained relatively constant while 
phase decrease as a function of soaking time. 
 
`Insulation performance at 1 kHz is very important for neural interfaces because the frequency of action potentials is 
around 1 kHz. Fig. 5 shows the impedance change as a function of soaking time at 1 kHz.  Impedance decreased 
dramatically after 1-day soaking (Fig. 5b) and then remained high even after 180-day soaking. It clearly shows that the 
impedance of quartz sample is much higher (2000 k) than the Si/Si3N4 (80 k) and Si/SiO2/Si3N4 (200 k) samples. 
This suggests that the substrate material also has significant influence on the insulation impedance besides the 
encapsulation material itself. 
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Fig. 5.  Impedance at 1 KHz for parylene-C on different substrates. Impedance decreased in the first 10 minutes (a) and then remained at 80 k, 200 
k and 2000 k (b) for Si /Si3N4, Si/SiO2/Si3N4 and quartz substrates respectively as a function of soaking time. 
 
DC leakage current was also measured using a 5V DC bias with Gamry Reference 600 (Gamry instruments, 
Pennsylvania, USA). The configuration of the measurement is exactly the same with that of the electrochemical 
impedance measurement. The leakage current increased about 2 orders of magnitude (Fig. 6a) after 1 hour of soaking 
and then remained relatively constant for the remaining soak for all the three different substrate materials (Fig. 6b). 
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Detailed measurement for the initial soaking stage showed that the leakage current increase mostly happened in the 
first 3 minutes. Thereafter, the leakage current started to decline after the first hour. A slow increase was observed 
during the whole soaking period. This was most likely introduced by water penetration. The fluctuation of the leakage 
current at the beginning soaking stage could be partly interpreted as water absorption/desorption hysteresis [8]. 
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Fig. 6. Leakage current for Parylene-C on different substrates. Leakage current increased dramatically in the first 200 seconds (a) and then 
remained at 20 nA, 20 nA and 20 pA (b) for Si/SiO2/Si3N4, Si/Si3N4 and quartz substrates respectively as a function of soaking time.    
            
One more important phenomenon observed during the experiment was that the impedance and leakage current for 
different substrates varied dramatically. Leakage current for Si/ Si3N4, Si/ SiO2/Si3N4 and quartz substrates was 20 nA, 
20 nA and 20 pA respectively (Fig. 6b). Impedance at 1 kHz for Si/ Si3N4, Si/ SiO2/Si3N4 and quartz substrates was 80 
k, 200 k and 2000 k respectively. This indicates that we might measure impedance and leakage current through 
the substrate rather than the parylene-C layer itself for the Si/ Si3N4 and Si/ SiO2/Si3N4 substrates due to the lower 
resistivity of Si3N4 (~1015 ȍ-cm )in comparison to parylene-C (6×1016 -cm). However, it is more likely to measure 
the leakage current and impedance through the parylene-C layer for quartz substrate because it has higher resistivity 
(1018 ȍ-cm) than parylene-C. No obvious phase difference was observed for different substrate materials. Therefore, a 
substrate with higher resistivity is recommended for the life-time test of encapsulation materials. 
4. Conclusion 
    Our primary investigations showed that parylene-C is a great encapsulation material based on its extremely low 
leakage current (20 pA for quartz substrate) and high insulation impedance (2 Mȍ at 1 kHz for quartz substrate). 
Substrate materials with high resistivity were recommended in order to actually measure the insulation performance of 
encapsulation materials rather than that of the substrates. Long-term in-vivo performance of parylene-C as an 
encapsulation material needs to be done to further justify its suitability for chronic neural implants.
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